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Abstract
Mucosal epithelial cells are a major barrier restricting pathogen entry and, paradoxically, an important
entry port for respiratory and enteric viruses. Elegant studies in this issue of Cell Host & Microbe
describe how coxsackievirus B3 (related to human poliovirus) infects polarized epithelial cells by
engaging two transmembrane proteins of the tight junctions, occludin and CAR. A distinctive endocytic
mechanism opens the junctions and gates infectious virus entry.
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Abstract 
Mucosal epithelial cells are a major barrier restricting pathogen entry, and 
paradoxically, an important entry port for respiratory and enteric viruses.  Elegant 
studies in this issue of Cell Host & Microbe describe how coxsackie virus B3 (related 
to human poliovirus) infects polarized epithelial cells by engaging two transmembrane 
proteins of the tight junctions, occludin and CAR.  A distinctive endocytic mechanism 
opens the junctions and gates infectious virus entry.   
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Epithelial cells of the oral, respiratory, urinary, digestive and excretion tracts comprise 
an interface between a pathogen-rich lumen and an underlying lymphocyte-rich basal 
zone.  They are a major target for invasion of viruses, bacteria, fungi and eucaryotic 
parasites, and they are a site of intense host defense.  Epithelial cells are armed with 
antimicrobial innate immune functions that prevent pathogen attachment and 
infection, including the release of soluble receptor fragments.  Another key element of 
defense against pathogen entry, replication and egress is the epithelial integrity 
mediated by cell junctions.  Epithelial integrity is maintained by physical interactions 
of membrane proteins from adjacent cells (Schneeberger and Lynch, 2004).  
Adherens junctions formed by cadherins and associated alpha/beta catenins mediate 
cell-cell adhesions.  Gap junctions facilitate the exchange of small molecules with 
signalling functions between cells, and tight junctions (TJs) restrict paracellular 
diffusion of ions, solutes, and membrane associated proteins and lipids (Shin et al., 
2006). 
 
The TJs seal the epithelium, maintain tissue integrity, and establish the boundary 
between the apical plasma membrane domain facing the lumen and the basolateral 
plasma membrane domain facing the blood circulatory system (Fig. 1).  They are 
composed of four major transmembrane proteins: occludin (and occludin-related 
proteins such as tricellulin), claudins, junction-associated molecules (JAM) and the 
coxsackie virus B adenovirus receptor (CAR).  Occludin has cytosolic amino- and 
carboxy-termini and four transmembrane domains.  It is involved in maintaining 
gating functions, for example, those used to extrude apoptotic cells (as suggested 
from experiments with cultured cells).  The different members of the claudin family 
form polymers, the so-called TJ ribbons, and are responsible for regulating the 
permeability of the junctions.  JAM and CAR belong to the CTX (cortical thymocyte 
marker in Xenopus) subfamily of the IgSF immunoglobulin superfamily.  An additional 
transmembrane protein, Crumbs-3, in complex with PALS/PATJ is involved in TJ 
formation.   
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Conspicuously, all of the major transmembrane proteins of the TJs are targeted by 
viral intruders, including the species C human adenoviruses Ad2/5, reoviruses, 
hepatitis C virus and coxsackie virus B3 (CVB3) (Table 1).  Perhaps, the best studied 
viruses with a junctional receptor are the species C human adenoviruses.  Both in 
vitro and in vivo evidence shows that loss of CAR expression results in decreased 
uptake of virus, and conversely the expression of human CAR in mice leads to 
susceptibility of new cell types to adenovirus infection.  In contrast, herpes viruses 
target adherens junctions, and polioviruses and rhinoviruses use cell-cell adhesion 
molecules as their entry receptors.  Despite these distinctions, the TJs and adherens 
junctions are functionally connected with each other, e.g., during the formation of 
epithelial cell-cell contacts which proceeds from microclusters of transdimeric 
cadherin and nectin in association with ZO proteins at initial contact sites, and then 
develops into TJs around JAM and CAR by recruiting claudin and occludin.  
 
Junctional transmembrane receptors for viruses are generally absent in the apical 
membrane, and viruses frequently are transmitted to the mucosal epithelia via 
aerosols or fluids.  This raises the question of how respiratory and enteric pathogens 
access the basolateral domain from their lumenal environment.  The recent work by 
Coyne, Bergelson and colleagues provides a stunning illustration that cell-cell 
junctions can be a fatal weakness in overall pathogen defence and tissue strength, 
like the heel of Achilles, the Greek warrior in Homer’s Iliad.  These studies show that 
CVB3 binds to the apical membrane of intestinal epithelial Caco-2 cells via the 
glycosyl-phosphatidyl-inositol anchored protein decay acceleration factor DAF 
(CD55), a regulator of deposition and activation of complement.  By an unknown 
transmembrane coupling mechanism, DAF clustering activates cytosolic non-receptor 
tyrosine kinases, such as Abl, Fyn and Src, and activates actin remodeling (Coyne 
and Bergelson, 2006).  This allows CVB3 to target the TJ protein CAR, which triggers 
conformational changes in the viral capsid necessary for subsequent genome release 
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upon endocytosis.  The new data presented in this issue of Cell Host & Microbe show 
that during viral residence on the plasma membrane, CVB3 signalling though DAF 
and downstream tyrosine kinases decreased the transepithelial resistance and 
induced macropinocytosis and tyrosine phosphorylation of occludin but not other TJ-
associated transmembrane proteins, simultaneous with viral uptake (Coyne et al., 
2007).  These events were specifically required for CVB3 infection, and were not due 
to a general stress response of the cells.  Resting cells, or cells inoculated with a 
non-CAR binding picornavirus, echovirus 7 which binds DAF, failed to trigger occludin 
endocytosis, suggesting that CVB3 may engage additional apical effectors besides 
DAF to gate access to the junctions.  Although CVB3 did not directly bind occludin, 
occludin was required for CVB3 endocytosis as indicated by siRNA knock down 
experiments.  In the absence of occludin, CVB3 localized to the TJs (presumably 
bound to CAR), but did not internalize, suggesting that occludin has an unexpected 
role as a signalling partner or organizer in the vicinity of the virus-CAR complex.  
Intriguingly, the TJ function of the Caco2 cells appeared not to be impaired in the 
absence of occludin, suggesting that compensatory mechanisms may be activated 
for TJ function but not for viral entry through the TJs. 
 
That the TJs are not merely static assemblies has become increasingly clear in 
recent years.  A number of TJ-associated cytosolic proteins are found in the nucleus, 
where they regulate gene expression, and TJ-associated kinases, phosphatases, G 
proteins, and guanine nucleotide exchange factors have a role in transducing signals 
to and from the plasma membrane (Matter and Balda, 2007).  It is well documented 
that proinflammatory cytokines, such as interferon gamma cause the downregulation 
of ZO-1 which triggers removal of JAM, occludin, and claudins from the TJ.  This 
reduces transepithelial resistance, and exacerbates inflammatory bowl disease of the 
digestive epithelium, and might open the flood gates for pathogen invasion.  Growing 
evidence indicates that the mechanism underlying junctional dynamics is controlled 
by endocytic processes.  Arf6 and its exchange factor EFA6 engage E-cadherin, 
promote the anchoring of the actin cytoskeleton to the TJs, and control the 
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internalization of occludin.  Vesicular structures with TJ proteins are found in tissues 
of patients with active ulcerative colitis.  Chelation of extracellular calcium triggers 
clathrin-mediated endocytosis of TJ and adherens junction proteins into subapical 
cytoplasmic compartments.  In particular, JAM-4 associates with a clathrin-coat 
adaptor that binds Eps15 to support internalization.  Conversely, in latrunculin-A 
treated MDCK cells, occludin internalization is dynamin2-dependent but Eps15-
independent, suggesting the existence of multiple internalization pathways for TJ 
proteins.  The switch between pathways could be cell type-dependent, or related to 
the nature of the stimulus.  In fact, interferon gamma, in concert with myosin II and 
Rho-associated protein kinase activation, triggers macropinocytosis of occludin, and 
most probably other proteins in the same plasma membrane domain (Bruewer et al., 
2005).  Interestingly, macropinocytosis at the apical membrane of polarized epithelial 
cells can be induced by Src.  Src is not required for CVB3 infection, and it is unknown 
if there is a direct signalling pathway from Abl or other tyrosone kinases to occludin 
and macropinocytosis, or if tyrosine kinases are indirectly involved in triggering 
macropinocytosis of TJ membrane proteins.  After internalization occludin is delivered 
to the apical recycling endosomes, and subsequently recycled to the plasma 
membrane in a process governed by Rab13 and JRAB/MICAL-L2.    
 
The work reported in this issue of Cell Host & Microbe reveals provocative evidence 
for a cooperative endocytic mechanism underlying CVB3 entry and CVB3- and DAF-
triggered macropinocytosis of occludin (Coyne et al., 2007).  This is reminiscent of 
the dual endocytic pathways for clathrin- and dynamin-mediated uptake of species C 
adenoviruses and dynamin-independent macropinocytosis of solutes (Meier et al., 
2002).  Macropinocytic internalization of TJ proteins, such as occluding, might 
provide a key step to expose TJ-associated receptors, such as CAR, for infectious 
viral endocytosis and uncoating.  Importantly, CVB3-mediated occludin uptake 
occurred without affecting the localization of other TJ membrane proteins, cytosolic 
ZO proteins, or cadherins (Coyne et al., 2007).  This indicates that the cell-cell 
junctions are not dismantled, thereby precluding tissue disintegration and anoikis, 
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and avoiding facilitating infection by opportunistic pathogens.  On a more mechanistic 
level, occludin internalization did not require functional dynamin or Eps15, but was 
sensitive to inhibitors of the sodium-proton exchanger, protein kinase C, and tyrosine 
kinases, and required the function of the membrane organizers Rab5 and Rab34.  
Activated Rab34 facilitated constitutive occludin endocytosis, apparently downstream 
of Ras.  It remains to be determined if Ras activation involves the RalA GTPase 
effector which is highly activated on endosomes and thereby positively regulates 
exocytosis, and is involved in cell transformation by modulating TJ function (Matter 
and Balda, 2007).  Ral is thought to modulate the exocyst at the junctions.  Rab13 on 
the other hand was not involved in CVB3 induced occludin internalization in Caco2 
cells.  It should be noted, however, that caution is required when comparing signalling 
processes between normal and transformed cells.  
 
The overall picture of how viruses manipulate junctional-cell contacts for their entry 
into and egress from polarized epithelial cells is being rapidly refined.  Specific 
processes, such as endocytosis, cell contraction and signalling, and the involvement 
of nonepithelial cell types, such as dendritic cells and macrophages, will need to be 
considered to fully understand the complex biology of pathogen invasion across 
epithelia, as well as tissue homeostasis and regeneration.  Viruses are excellent tools 
to tackle studying these processes, since they ingeneously manipulate the flexibility 
of the junctional contacts.  Junctional flexibility is of key importance in tumorigenesis 
and infectious disease, and key to rationale drug delivery strategies aiming to 
increase the bioavailability of small chemicals across intestinal and respiratory 
epithelia.   
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Figure 1: The TJ transmembrane proteins targeted by viral particles and their 
underlying regulatory network. 
 
Tight junction (TJ) and adherens junction (AJ) membrane proteins engage in 
homophilic contacts with neighboring cells.  Occludins, JAMs and CAR have 
adhesive and/or signal transducing functions, while the claudins form ion-selective 
pores within the TJ strands.  The adherens junctions are largely made up of 
cadherins (e.g., epithelial E-cadherin) and nectins.  The cytosolic domains of cell-cell 
adhesion molecules are linked to the actin cytoskeleton through PDZ domain binding 
proteins and scaffolding proteins, such as the membrane-associated guanylate 
kinase homologues ZO-1, ZO-2 and ZO-3 (zona occludens), MAGI, MUPP, PATJ, or 
PAR-3 and PAR-6, and alpha/beta catenin, p120, afadin, vinculin or zyxin.  The 
underlying scaffolding and regulatory network is important to control junctional 
dynamics.  For example, TJ proteins are controlled by GTPases, kinases and 
phosphatases which often act through intermediate adaptor proteins linking the 
transmembrane proteins to the actin cytoskeleton.  The evolutionary conserved 
atypical PKC (aPKC) of the PAR complex maintains epithelial polarity, Rac and 
Cdc42 GTPases regulate the underlying actin cytoskeleton, and the PP2A 
phosphatase in complex with the RalA GTPase is involved in coupling exo- and 
endocytosis of junctional proteins.   
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Table 1: Junction-associated transmembrane proteins, and other cell-cell adhesion 
molecules mediate infectious virus entry. TJ and AJ membrane proteins (see Fig. 1), 
and cell-cell adhesion molecules serve as entry receptors of different families of 
viruses. This includes nonenveloped RNA viruses (coxsackievirus B3 [CVB3], 
reovirus, poliovirus, rhinovirus), enveloped RNA viruses (hepatitis C virus [HCV]), and 
nonenveloped DNA viruses (species C human adenovirus serotypes 2 and 5 
[hAd2/5]), and enveloped DNA viruses (alpha-herpes viruses, such as herpes 
simplex virus 1 [HSV1]). 
Virus adhesion protein / 
direct binding 
Uptake 
mechanism 
Tropism Literature 
CVB CAR / + 
Occludin / - 
macropinocytosis, 
caveolin 
respiratory, 
enteric 
(Bergelson et al., 1997) 
hAd2/5 CAR / + clathrin / dynamin 
endocytosis 
respiratory (Bergelson et al., 1997) 
HCV Claudin-1 / - clathrin / dynamin 
endocytosis 
liver (Evans et al., 2007) 
HSV1 Nectin-1, 2 / + membrane fusion, 
endocytosis 
oral, genital, 
neuronal  
(reviewed in Spear, 
2004) 
Reo JAM-1 / + receptor-mediated 
endocytosis 
enteric (Barton et al., 2001) 
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